Apoptosis and angiotensin II (Ang II) have been suggested as possible causes of arrhythmias. In addition, Ang II via Ang II type I (AT 1 -) receptors, has been demonstrated to induce cardiomyocyte apoptosis. The transgenic m(Ren-2)27 (TG) rat carries the additional Ren-2 gene, the expression of which results in an increase in cardiac Ang II, thus potentially affecting the cell growth/death equilibrium. In this study we have investigated the effect of Ang II, via AT 1 -receptors, on mediating apoptosis in a cardiac conduction system (SA node and AV nodes).
Introduction
Cardiac arrhythmias are a major health problem in cardiomyopathies, causing severe symptoms or sudden death. 1 In addition, there is no treatment available to prevent sudden death in patients with arrhythmia. 2 Cardiac arrhythmias are caused by multiple mechanisms, including abnormal automaticity after depolarisation and re-entry. 2 It has been suggested that angiotensin II (Ang II) possesses arrhythmogenic activities, such as a decrease in cell coupling and reduction in conduction velocity and facilitation of the generation of re-entrant rhythms. [3] [4] [5] [6] [7] In addition, apoptosis has been suggested as a cause of gradual development of complete heart block and fatal arrhythmia, associated with absence of the AV node, sinus and internodal pathways. 8 Studies of apoptosis in the heart by means of in vitro cardiomyocyte cell culture have demonstrated that Ang II mediates cardiomyocyte apoptosis via Ang II type I (AT 1 -) receptors. 9, 10 However, in in vivo conditions, it is not known whether Ang II is involved in inducing apoptosis in the heart, and in particular in the conduction system. M(Ren-2)27 transgenic rats (TG) are rats carrying the additional mouse Ren-2 renin gene. The rats develop fulminant hypertension despite low circulating renin levels. Therefore, it is hypothesised that hypertension results from enhanced local Ang II generation in extrarenal tissue. 11 The renin gene is strongly expressed in extrarenal tissue, especially in the heart, where increased cardiac Ang II has been found. 12 Due to the increased Ang II in the heart, the cell growth/death equilibrium may potentially be affected.This study focusses on the role of Ang II via AT 1 -receptors in mediating apoptosis in the cardiac conduction system (sinoatrial node [SA], and atrioventricular node, [AV]) in situ, by comparing the level of apoptosis and number of AT 1receptors between transgenic rats and normal Sprague-Dawley rats. The study is performed in postnatal rats (two days, one-week and two weeks), as these stages have been suggested to be important for morphogenesis of the conduction system. 13 Results from this study may explain the pathology of arrhythmia and may lead to new approaches to prevent death or to improve arrhythmia therapies. . The rats were kept on a standard laboratory diet with free access to food and water on a 12:12-hour light/dark cycle at 22ºC. All two-day, one-week and two-week male TG and SD rats (six rats per group, total 36 rats) were anaesthetised by intraperitoneal injection of pentobarbitone sodium (100 mg/kg).The hearts were removed and fixed with 10% formalin. Following dehydration and paraffin wax embedding, 5 µm serial sections were cut and mounted on TESPA coated slides. Random sections were stained with Masson Trichrome to localise the SA and AV nodes.
Materials and methods

Quantitative analysis of apoptotic nuclei in the SA and AV nodes
In situ end labelling procedure Every tenth section containing the SA node or the AV node of each heart were systematically sampled 14 for in situ terminal deoxytransferase nick end labelling, using the Fluorescent FragEL™ DNA Fragmentation Detection kit (Oncogene Research Products). The sections were de-paraffinised and dehydrated before permeabilisation with 20 µg/ml proteinase K in 10 mM Tris for 20 minutes.A positive control was generated by incubating with 1 µg/µl DNase I in 100 mM Tris, 700 mM NaCl pH 7.6 for 20 minutes. After incubating with Equilibration Buffer (1 M sodium cacodylate, 0.15 M Tris, 1.5 mg/ml BSA, 3.75 mM CoCl 2 , pH 6.6) for 10-30 minutes, the sections were incubated with labelling reaction mixture, comprising FITC-conjugated deoxynucleotide and terminal deoxynucleotide transferase (TdT), except one slide, a negative control which was incubated with the labelling mixture without TdT, at 37ºC for one hour. The sections were washed, then mounted using Fluorescein-FragEL™ Mounting Media.
Quantitative analysis of apoptotic nuclei
Quantitative analysis of apoptotic nuclei stained with Fluorescein-FragEL TM was performed, using a fluorescent microscope with an excitation wavelength of 494 mm. Apoptotic nuclei identified by morphological criteria and intensity of staining were counted. The number of apoptotic nuclei was calculated by dividing the total number of apoptotic nuclei by the area of sections examined. Microimage analysis software (Olympus) was applied to estimate the area of sections examined in the SA node and in the AV node. The results were expressed as number of apoptotic nuclei per mm 2 .
Quantitative analysis of AT 1 -receptors in the SA and AV nodes
Immunofluorescence Every tenth section adjacent to the sections stained for apoptosis was systematically sampled. 14 Immunofluorescence was performed to localise the number of AT 1 -receptors in the SA and AV nodes. After de-paraffinising and rehydration, the sections were pre-incubated in 0.3%,Triton X-100, in 0.01 M potassium phosphate buffer saline (KPBS) for 30 minutes and a blocking solution (1.5% goat serum in KPBS) for 20 minutes prior to incubation in the primary antibody, rabbit polyclonal IgG raised against AT 1 -receptors (Autogen Bioclear), at 1:50 dilution 4ºC overnight, followed by the secondary antibody, 1:200 FITC-labelled goat anti-rabbit IgG (Vector laboratories) for 2 hours. Finally, the sections were mounted using Vactashield mounting medium (Vector laboratories). Negative controls were obtained by replacing the primary antibody with diluting buffer.
Quantitative analysis of AT 1 -receptors
The sections were enlarged under confocal laser scanning microscopy for visualisation of AT 1 -receptors and photography. The AT 1 -receptors in each photograph were counted by Microimage analysis software (Olympus).The results were expressed as number of fluorescent AT 1 spots per mm. 2
Statistical analysis
Data are reported as mean ± standard error of the mean (SEM). Statistical analysis was performed by Student's t-test to compare the number of apoptotic nuclei/mm 2 and AT 1 -receptors/mm 2 between SD and age-matched TG. Statistical significance was set at p<0.05.
Results
Localisation of the SA and AV nodes
Masson Trichrome staining showed the SA node at the wall of the proximal superior vena cava adjacent to the right atrium. SA nodal cells, consisting of thin modified muscle cells, are stained more lightly than those of cardiomyocytes ( Figure 1 , A-B). The coronal sections of the heart stained with Masson Trichrome showed the AV node at the lower part of the interatrial septum, astride the interventricular septum. The AV node cells were smaller in diameter and stained more lightly than those of ventricular cardiomyocytes (Figure 1 , C-D).
Quantitative analysis of apoptotic nuclei in the SA and AV nodes Morphology of apoptotic nuclei
The nuclei labelled for internucleosomal strand breaks, using the Fluorescein-FragEL TM Kit, were viewed under fluorescent microscopy and appeared as small, brightly-stained nuclei exhibiting morphological features of chromatin condensation, characteristic of apoptotic nuclei (Figure 2 , A-D).
Quantitative analysis of apoptotic nuclei in the SA node
Quantitative analysis of Fluorescein-FragEL TM labelled nuclei showed that in all three age groups, the number of apoptotic nuclei was significantly higher in the TG rats (two-day 1.48±0.75 cell/mm 2 ; one-week 0.66±0.33 cell/mm 2 and twoweek 0.13±0.07 cell/mm 2 ) than in the SD rats (two-day 0.77±0.60 cell/mm 2 ; one-week 0.14±0.22 cell/mm 2 and two-week 0.04±0.07 cell/mm 2 (p=0.002, 0.04 and 0.035 for two-day, one-week and two-week, respectively).The number of apoptotic nuclei was reduced with maturation in both the TG and SD rats (Figure 3 ).
Quantitative analysis of apoptotic nuclei in the AV node
Quantitative analysis of Fluorescent-FragEL™labelled nuclei showed that, in all age groups, the number of apoptotic nuclei was significantly higher in the TG rats (two-day 5.27±2.60 cell/mm 2 ; one-week 2.23±0.08 cell/mm 2 and two-week 0.43±0.11 cell/mm 2 ) than in the SD rats (two-day 2.68±2.96 cell/mm 2 ; one-week 0.26±0.4 cell/mm 2 and two-week 0.16±0.12 cell/mm 2 ) (p=0.01, 0.04 and 0.032 for two-day, one-week and two-week respectively).The number of apoptotic nuclei was reduced with maturation in both the TG and SD rats (Figure 4 ).
Quantitative analysis of AT 1 -receptors in the SA and AV nodes
Immunofluorescence Immunofluorescent-labelled sections with anti-AT 1 -receptors viewed under the confocal laser scanning microscope showed the distribution of the AT 1 immunoreactivity (the bright-green fluorescent dots) in the SA and AV nodes ( Figure 5 , A-F and Figure 6 , A-F).
Quantitative analysis of AT 1 -receptors in the SA node
In the SA nodes, the number of AT 1 -receptors at all three age groups of the TG rats were 14.05± 2.05x10 3 /mm 2 , 7.42±1.32x10 3 /mm 2 and 1.67± 0.26x10 3 /mm 2 , respectively, which were significantly higher than those of the SD rats (two-day 7.05±1.14x10 3 /mm 2 ; one-week 2.92±0.67x10 3 /mm 2 and two-week 1.14±0.17x10 3 /mm 2 ), p=0.032, 0.02, 0.011 for two-day, one-week and two-week, respectively. The number of AT 1 -receptors was down-regulated from two-day to two-week in both the TG and the SD rats (Figure 7 ).
Quantitative analysis of AT 1 -receptors in the AV node
In the AV node, the numbers of AT 1 -receptors at all three age groups of the TG rats were 5.26±1.60x10 3 /mm 2 , 12.13±2.03x10 3 /mm 2 and 12.50±3.97x10 3 /mm 2 respectively, which were significantly higher than those of the SD rats (twoday 2.61±0.49x10 3 /mm 2 ; one-week 5.37±1.20x 10 3 /mm 2 , and two-week 7.63±1.91x10 3 /mm 2 , (p=0.031, 0.04 and 0.006 for two-day, one-week and two-week, respectively). The number of AT 1receptors was up-regulated from two days to two weeks in both the TG and the SD rats (Figure 8 ).
Discussion
The additional renin gene in the TG rats results in alteration of the local renin-angiotensin system (RAS), with increased Ang II in the heart. 12 Our data showed an increase of AT 1 -receptors in the SA and AV nodes of TG at two days, one-week and two weeks (when compared with SD rats). In addition, we found the number of apoptotic nuclei/mm 2 in the TG to be more than that of the SD in both the SA and the AV nodes in all age-groups (two-day, one-week and two-week).
The results correspond to the work of Liu et al., 15 who demonstrated that there is increased apoptosis in the heart of spontaneously hypertensive rats (SHR). It has been shown that Ang II, via AT 1 -receptors, mediates apoptosis. 9, 10 Ang II binds to AT 1receptors, which leads to an elevated influx of calcium from the extracellular space through the L-type calcium channel. 16 Calcium is a cofactor of Ca 2+ -dependent DNase I. Therefore, an activation of DNase enzyme occurs, which induces cleavage of double-strand DNA. 17 However, recent works suggest that Ang II induces apoptosis by other pathways, such as apoptosis, signal-regulating kinase 1 18 and NADPH oxidase. 19 Thus, it is interesting to study the pathway of Ang II-mediated apoptosis in the SA and the AV nodes.
We found that the apoptosis in the SA and the AV nodes was reduced with maturation. This finding is in line with the work of Kajstura et al. 20 who demonstrated that apoptosis occurs immediately after birth and is reduced at day 11, after which apoptosis can not be detected. In addition, the few weeks after birth is the major period during which morphogenesis of the conduction system take place, 13 and apoptosis plays an important role. This might explain the reduction of apoptosis after two weeks. Excess apoptosis has been demonstrated to be a possible cause of abnormal development of the AV node, SA node and internodal pathway, leading to complete heart block and arrhythmia. 8 Therefore, the arrhythmia caused by excess apoptosis needs further investigation.
On its own, Ang II via AT 1 -receptors has been shown to be directly involved in arrhythmia. Kass et al. 21 have demonstrated that stimulation of AT 1receptors on the SA and AV nodes can generate spontaneous electrical activity, or alter responses to electrical stimulation. De Mello 2 has shown that activation of the RAS results in stimulation of AT 1receptors, leading to an activation of protein kinase C. Phosphorylation of junctional protein then occurs, which causes a reduction in junctional conductance. As a consequence, the conduction velocity is decreased or conduction is blocked, leading to re-entrant rhythms.
We have shown that the number of AT 1 -receptors in the SA node, in both the SD and TG, is reduced from two days to two weeks, whereas in the AV node, the number of AT 1 -receptors is increased.The work of Sechi et al., 22 demonstrated that, at 10 and 14 weeks, the density of binding sites of AT 1 -receptors in the AV node is high, whereas it is low in the SA node. These data confirm that AT 1 -receptors in the AV node increase with maturation, in contrast to the the SA node, in which they decrease with maturation, suggesting that, at a very young age, AT 1 -receptors may be involved in SA node function rather than AV node, whereas in ageing animals they may act on the AV node rather than on the SA node.The cause of AT 1receptor alteration in the SA and AV node associated with age requires further investigation.
Conclusion
There may be a correlation between Ang II and apoptosis in the SA node, which does not appear to be present in the AV node. 
